The 
Cell adhesion molecules mediate cell-cell interactions during development and in the adult central nervous system (1) . The neural cell adhesion molecule (N-CAM) is expressed by both neurons and astrocytes and can promote homophilic binding and influence neurite outgrowth (1) . N-CAM contains five Ig domains followed by two fibronectin type III repeats in the extracellular portion of the molecule (2) . A model for N-CAM homophilic binding has been proposed in which the Ig domains bind in a pairwise antiparallel manner such that Ig I binds Ig V, Ig II binds Ig IV, and Ig III binds Ig III (3) .
We recently have shown that exogenously added N-CAM can inhibit the proliferation of cultured neonatal astrocytes and of astrocytes responding to a penetrating lesion in the adult rat brain in vivo (4, 5) . We hypothesized that these effects were mediated by homophilic binding to N-CAM on the astrocyte membrane. This hypothesis was based on the observations that purified N-CAM, N-CAM-related recombinant proteins and peptides, and specific anti-N-CAM antibodies all inhibited cell proliferation and that antisense oligonucleotides directed against the N-CAM mRNA also decreased the effectiveness of N-CAM added in solution (4) .
To understand the role of N-CAM in inhibiting astrocyte proliferation, it is important to demonstrate definitively that N-CAM homophilic binding is critical in this process. Moreover, the ability of N-CAM binding to inhibit astrocyte proliferation prompts the question of how N-CAM binding relates to other signaling events. Astrocyte proliferation induced by growth factors such as basic fibroblast growth factor (bFGF) is inhibited by N-CAM (4) . This inhibition is partially reversed by the glucocorticoid antagonist RU-486, suggesting that N-CAM signaling might activate the glucocorticoid receptor (6) . In other studies, signaling after N-CAM binding in neurons has been examined in neurite outgrowth assays. Based on the results of these studies, it has been proposed that N-CAM signaling occurs through the cis interaction of N-CAM with the FGF receptor (reviewed in ref. 7 ) and intracellular pathways stimulated by the FGF receptor (reviewed in refs. 8 and 9). It therefore is important to assess whether signaling after N-CAM binding involves both the glucocorticoid receptor and FGF receptor pathways or whether there may be different pathways involved depending on cell type or specific cellular events.
In the present studies, we have shown that individual recombinant domains of N-CAM each inhibited astrocyte proliferation in a manner that was correlated with their estimated binding strength. Although N-CAM did not inhibit the proliferation of astrocytes from knockout mice lacking N-CAM, it was able to inhibit proliferation of a variety of N-CAM-expressing cells in addition to astrocytes. In examining signal pathways activated by N-CAM binding, we observed that stimulation of mitogen-activated protein (MAP) kinase by bFGF was reduced by N-CAM and that this effect was completely reversed in the presence of the glucocorticoid antagonist RU-486. In contrast, perturbation of signaling pathways reported by others to be involved in N-CAMmediated neurite outgrowth (7) did not reverse the effect of N-CAM on astrocyte proliferation. These results reinforce the hypothesis that N-CAM-mediated inhibition of astrocyte proliferation is caused by homophilic binding and that it involves the activation of glucocorticoid receptors. Furthermore, they suggest that the pathways by which N-CAM binding signals the The publication costs of this article were defrayed in part by page charge payment. This article must therefore be hereby marked ''advertisement'' in accordance with 18 U.S.C. §1734 solely to indicate this fact.
inhibition of cell proliferation differ from pathways signaling neurite extension.
EXPERIMENTAL PROCEDURES
Reagents and Cell Lines. Drugs were purchased from Calbiochem, except bFGF (Upstate Biotechnology), and RU-486 (Biomol, Plymouth Meeting, PA). Cell culture reagents were obtained from GIBCO. Cell lines were obtained from the American Type Culture Collection. C6 and N2A cells were maintained in 10% fetal bovine serum (GIBCO) and DMEM. NG-108 cells were maintained in 5% calf serum͞DMEM supplemented with hypoxanthine, aminopterin, and thymine (HAT).
Astrocyte and Fibroblast Cultures. Primary cultures of astrocytes were prepared from the forebrains of 4-to 5-day-old neonatal rats as previously described (4, 6) . Cell preparations were checked regularly for the expression of GFAP, a marker for astrocytes, and other marker antibodies (6) . Cultures used routinely contained more than 98% astrocytes. Fibroblasts were obtained from embryonic day 18 mice as previously described (10) .
Purification of N-CAM and Recombinant Domains. N-CAM was purified from early postnatal rat brains by affinity chromatography as described (4) . Recombinant N-CAM fragments were prepared and characterized as previously described (3) .
Proliferation Assay. Primary astrocyte cultures or other cell types were trypsinized and transferred into 96-well plates at a density of 2 ϫ 10 5 cells͞ml (equivalent to 7 ϫ 10 4 cells͞cm 2 or 2 ϫ 10 4 cells͞well). After cell attachment for 24 hr, the culture medium was exchanged for serum-free media. Growth factors, purified N-CAM, recombinant N-CAM domains, and pharmacological agents were added after the cells had remained in serum-free media for 48 hr (T ϭ 48). After 12 hr (at T ϭ 60), Peptide Synthesis. Peptides were synthesized and purified as described previously (4) .
MAP Kinase Assay. The PathDetect system (Stratagene) was used to measure MAP kinase activity. In brief, astrocytes were electroporated with 10 g of pFR-luciferase vector, 2 g of pFA-ELK vector, and 5 g of the CMV-␤ vector (Promega) (6) . The cells were plated in 24-well dishes in serum containing media for 24 hr and then switched to serum-free media for an additional 48 hr. The cells were treated with the reagents for 6 hr, after which they were harvested and assayed for luciferase and ␤-galactosidase activity. The luciferase activity of each sample was normalized to an internal reference standard of ␤-galactosidase activity.
RESULTS

Effects of Recombinant N-CAM Domains on Astrocyte
Proliferation. Astrocyte proliferation was analyzed in the presence of N-CAM recombinant proteins corresponding to each of its five individual Ig domains. Recombinant Ig domains were added at concentrations ranging from 5 ng͞ml to 10 g͞ml. Each Ig domain inhibited astrocyte proliferation in a dose-dependent manner (Fig. 1 ). An N-CAM mAb that recognizes the cytoplasmic domain (11) and normal rabbit Ig FabЈ fragments were added to astrocyte cultures and were found not to affect astrocyte proliferation (data not shown). This result suggests that the inhibition of astrocyte proliferation was specific to the N-CAM Ig domains and not to Ig proteins in general. Addition of Ig III at higher concentrations produced a larger inhibition in [ 3 H]thymidine incorporation than did the other domains. At an intermediate concentration of the Ig domains (Ϸ100 ng͞ml; 9 nM for each of the domains) there was a distinct difference in the ability of each domain to inhibit proliferation Ig III Ͼ Ig I Ͼ Ig V Ͼ Ig II Ͼ Ig IV. The Ig IV domain used in the above experiment did not contain the VASE sequence (12) but addition of the Ig IV domain containing the VASE sequence to astrocyte cultures in a separate experiment produced similar results (data not shown). The concentration of Ig III necessary to achieve 50% of maximal activity in decreasing [ 3 H]thymidine incorporation (ID50) by astrocytes was 6.5 nM. The ID50 of intact N-CAM (0.8 nM) was substantially less than that for Ig III despite the fact that addition of Ig III resulted in the largest decrease in proliferation of any of the Ig domains. This finding is consistent with the observation that all five N-CAM Ig domains were effective at inhibiting proliferation.
Effect of N-CAM on N-CAM-Deficient Astrocytes. To confirm that N-CAM homophilic binding was indeed required for the inhibition of astrocyte proliferation, astrocytes were prepared from mice that were heterozygous or homozygous for a disrupted N-CAM allele (13) . Astrocytes from the homozygous N-CAM knockout mice did not express N-CAM protein, whereas astrocytes derived from heterozygous mice expressed approximately half the amount of N-CAM found on wild-type astrocytes (unpublished observations). Addition of N-CAM or N-CAM Ig III inhibited proliferation of astrocytes from heterozygous, but not homozygous, N-CAM knockout mice (Table 1) . This finding and those described above on the individual domains provide strong support for the hypothesis (4-6) that inhibition of astrocyte proliferation by N-CAM reagents requires interaction with N-CAM on the astrocyte surface.
Inhibition of Proliferation of Other Cell Types by N-CAM. To examine whether soluble N-CAM could inhibit proliferation of other N-CAM-expressing cell types, N-CAM or Ig III was added to mitotically active cells that expressed N-CAM, including C6 glioma, NG-108 neuroblastoma cells, and N2A neuroblastoma cells (Table 2) . N-CAM and Ig III were able to 14) . We observed that MAP kinase activity in astrocytes was increased over 4-fold after bFGF treatment (Fig. 2) . When N-CAM was added simultaneously with bFGF, however, MAP kinase activity was reduced to 46% of the value stimulated by bFGF alone. This inhibitory effect on MAP kinase activity was completely reversed if the glucocorticoid antagonist RU486 was included with bFGF and N-CAM. The addition of N-CAM alone produced a small, but reproducible, decrease in basal MAP kinase activity whereas the addition of RU486 alone had little or no effect. These results suggest that soluble N-CAM inhibits growth factor-induced MAP kinase activity and that this inhibition requires activation of the glucocorticoid receptor.
Relation of Signaling Pathways Involved in Inhibition of Astrocyte Proliferation to Those Involved in N-CAMDependent Neurite Outgrowth.
The ability of N-CAM to promote neurite outgrowth in neurons has been postulated to occur through cis binding of N-CAM to a segment of the FGF receptor called the CAM homology domain (15) . This conclusion was based on the observation that the presence of a 20-aa synthetic peptide corresponding to this domain could inhibit N-CAM-dependent neurite outgrowth (16) . We found that proliferation stimulated by bFGF in astrocytes was reduced in the presence of N-CAM and we tested the effects of the FGF receptor peptide on the ability of N-CAM to affect astrocyte proliferation (Fig. 3) . Inclusion of N-CAM with either the FGF receptor peptide or a control peptide with the same amino acids in a random order (16) reduced the amount of [ 3 H]thymidine incorporation to levels equivalent to that of N-CAM alone, although addition of either peptide alone resulted in a slight decrease in proliferation. These results suggest that the ability of N-CAM to inhibit astrocyte proliferation is not likely to occur through direct interactions of N-CAM with the FGF receptor. Proliferation assays, as described in Experimental Procedures, were performed on C6 glioma, NG-108 neuroblastoma, N2A neuroblastoma, and primary fibroblasts. Concentrations of N-CAM or Ig III were added to the cells that were in serum-free media or in the presence of 1% fetal bovine serum (FBS) or bFGF (20 ng͞ml). The amount of [ 3 H]thymidine incorporation by cells in each condition was compared to cells treated with PBS alone. Data are presented as mean Ϯ SD (n ϭ 4 for each condition). Astrocytes were obtained from transgenic mice that were heterozygous or homozygous for the disrupted N-CAM allele. N-CAM mRNA and protein was not detected in homozygous astrocytes (13) Pharmacological reagents that modulate pathways activated by bFGF binding to the FGF receptor (reviewed in ref. 17 ) have pointed to a role for G proteins, lipid hydrolysis, and calcium channels as key intermediates in the ability of N-CAM to promote neurite outgrowth. Accordingly, we used these reagents to determine whether perturbation of the bFGFactivated pathways also could reverse the effect of N-CAM on astrocyte proliferation. These reagents included pertussis toxin, which is an inhibitor of G proteins, arachidonic acid, which is a product of lipid hydrolysis, and conotoxin and verapamil, which are inhibitors of N-and L-type calcium channels, respectively. Although the individual reagents alone each had different effects on proliferation (Fig. 3) , none of these reagents blocked the ability of N-CAM to inhibit proliferation.
DISCUSSION
The present studies show that binding of each of the five N-CAM Ig domains can lead to inhibition of astrocyte proliferation, an effect that previously was reported for intact N-CAM (4-6). The proliferation of astrocytes from knockout mice lacking N-CAM was not affected by the addition of N-CAM. In the presence of N-CAM, proliferation and activation of MAP kinase in response to bFGF in astrocytes both were inhibited. The inhibition of MAP kinase activity was completely reversed in the presence of the glucocorticoid antagonist RU-486, consistent with our previous finding (6) that RU486 reduced the ability of N-CAM to inhibit astrocyte proliferation. However, perturbation of intracellular pathways reported to influence N-CAM-dependent neurite outgrowth (17) did not alter the ability of N-CAM to inhibit astrocyte proliferation. Together, these findings strengthen the hypothesis that N-CAM homophilic binding inhibits astrocyte proliferation by a mechanism involving the glucocorticoid receptor. They also suggest that at least some of the signal pathways involved in the inhibition of cell proliferation in astrocytes are different from those involved in neurite outgrowth by neurons.
The ability of the various individual Ig domains of N-CAM to inhibit proliferation was correlated with their estimated strength of binding. Previous studies have shown that Ig III has a dominant role in N-CAM homophilic binding (18, 19) and have suggested a model in which Ig III binds itself, Ig I binds Ig V, and Ig II binds IV (3, 20) . In the present study, addition of Ig III to astrocyte cultures produced the largest decrease in [ 3 H]thymidine incorporation of any of the recombinant domains. It is of interest that these individual monovalent domains are capable of transducing signals presumably by binding to N-CAM on the cell surface. This monovalent binding may cause a change in protein conformation, leading to an activated signaling state. Although each individual Ig domain was able to inhibit astrocyte proliferation, purified N-CAM was the most efficacious on a molar basis. In accord with previous studies (3, 20) , it is likely that all five Ig domains are not only required for optimal binding but also for subsequent signal transducing activity.
The ability of N-CAM to inhibit proliferation was not limited to astrocytes. The proliferation of glioma cells, neuroblastoma cells, and fibroblasts was reduced in the presence of soluble N-CAM. Indeed, the inhibition of fibroblast proliferation by cell-cell contact in vitro previously has been attributed to N-CAM-N-CAM binding (21) . This finding suggests that the proliferation of many, if not all, N-CAM-expressing cells is sensitive to N-CAM binding and that this binding therefore may play an important role in contact inhibition (22) . The failure of N-CAM reagents to inhibit the proliferation of astrocytes from knockout mice lacking N-CAM suggests that expression of N-CAM on the cell surface is required for N-CAM and related reagents to block cell proliferation.
N-CAM binding in neurons has been proposed to involve interactions with the FGF receptor and signaling pathways associated with receptor activation (17) . The ability of N-CAM to inhibit astrocyte proliferation was not affected, however, by the addition of a peptide from the FGF receptor that has been reported to block the ability of N-CAM to support neurite outgrowth (16) . Activation of phospholipase C gamma that results in lipid hydrolysis and calcium influx has been proposed to be necessary (17) for N-CAM induced neurite outgrowth. In the present studies, however, pharmacological manipulation of this pathway did not reverse the effect of N-CAM on astrocyte proliferation. The combined data suggest that homophilic N-CAM binding may activate multiple signaling pathways and that these can differ in different cell types.
The signal pathways activated by N-CAM binding in astrocytes appear to involve glucocorticoid receptors. In previous studies, glucocorticoids were shown to inhibit astrocyte proliferation. The ability of N-CAM binding to influence proliferation and gene expression was reversed by the glucocorticoid receptor antagonist RU-486 (6) . These findings prompted the hypothesis that N-CAM binding leads to activation of the glucocorticoid receptor. The present results showing that RU-486 blocked the ability of N-CAM to inhibit MAP kinase activity are in line with this hypothesis.
Together these experimental results suggest that N-CAM and glucocorticoids share certain signaling pathways. In other systems, glucocorticoid receptor activation has been shown to inhibit MAP kinase activity. For example, in 3T3 fibroblasts and mast cells, the synthetic glucocorticoid, dexamethasone, inhibited MAP kinase activity induced by growth factors and antigenic stimulation, respectively (23, 24) . In addition, it has been observed that MAP kinase can phosphorylate the glucocorticoid receptor and affect its ability to alter transcription (25) . Determining the causal connections between N-CAM binding, glucocorticoid receptor activation, and growth factorstimulated MAP kinase activity is a challenging task for further investigation.
